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Cis-1,4Abstract A series of cationic cobalt-based compounds bearing different neutral N-bearing ligands
(1,10-phenanthroline, bipyridine, benzimidazole, terpyridine) and anionic ligands (triﬂuorometh-
anesulfonate, methanesulfonate) were synthesized and the simple compound, Co(Phen)2Cl2, was
also prepared as a reference compound. All the compounds were characterized along with infrared
spectra analysis and some of them were further conﬁrmed by single crystal X-ray crystallographic
analysis. Upon activation with ethylaluminum sesquichloride, these cationic cobalt(II) compounds
showed high catalytic activities for butadiene polymerization. The detailed investigations were car-
ried out to disclose the inﬂuence of various polymerization conditions, sterical and electronic
parameters of the ligands on their performing activities of the compounds.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Regio- and/or stereospeciﬁc polymerization of 1,3-butadiene,
i.e. 1,4-cis [1,14,20,12], 1,4-trans [18,5,3,2], 1,2-vinyl [16,7] poly-
merization, is a subject of substantial interest in both academicand industrial ﬁelds. In particular, selective 1,4-cis-speciﬁc
polymerization has attracted much attention, because the
resultant polybutadiene exhibits excellent elastic properties
and is useful as synthetic rubber. Jang [11] reported that the
microstructure of polybutadiene, within a wide range, from
high cis-1,4 (96.6%) to high 1,2 content (95.8%), could be
gradually tuned by changing substituted groups on ligand. In
the subsequent years, many researches were focused on the
modiﬁcation of steric and electronic properties of the substitu-
ent on the ligands [8], [10], [9,17,6]. However, the effect of an-
ion structure of cationic cobalt-based catalyst on the butadiene
polymerization behaviors was less mentioned. Additionally,
Childers [4] reported that, in the case of soluble cobalt initia-
tors, for polymerizing butadiene to a high cis-1,4 conﬁguration
S188 L. Liu et al.the propagation step was occurred through an intermediate
carbonium ion.
Therefore, herein for the ﬁrst time, a series of cationic co-
balt-based compounds supported by different anionic ligands
([TfO], [MSA]) were designed and employed as catalyst pre-
cursors for butadiene polymerization. The effects of catalyst
structure (e.g. ligands, counter anions) and polymerization
conditions on polymerization behaviors were studied. In addi-
tion, the polymerization mechanism was also put forward to
explain the differences between the traditional and cationic
cobalt-based catalyst.
2. Experimental
2.1. Materials
Cobalt carbonate (CoCO3), triﬂuoromethanesulfonic acic
(HTfO) and methanesulfonic acid (MSA) were purchased from
Alfa Aesar, China. 1,10-phenanthroline (Phen), bipyridine
(Bipy), benzimidazole (BZI) and terpyridine (Terpy) were
supplied by J&K, China. Ethylaluminum sesquichloride
(EASC) was commercially available from Akzo Nobel, USA.
Polymerization grade butadiene was purchased from Jinzhou
Petrochemical Corporation, China and puriﬁed by passing
through four columns packed with molecular sieves and solid
potassium hydroxide and toluene was freshly distilled over cal-
cium hydride for 3 h and distilled before use. All solvents used
were puriﬁed in the standard manner.
2.2. Syntheses and characterization of compounds
A general synthetic route for cobalt-based compounds is
shown in Scheme 1. A typical synthetic procedure for 1b is
as follows: cobalt(II) triﬂuoromethanesulfonate hexahydrate
was prepared by reaction of excess cobalt carbonate powder
with triﬂuoromethanesulfonic acid at room temperature. The
aqueous solution of cobalt triﬂuoromethanesulfonate hexahy-
drate, obtained by ﬁltering out superﬂuous solid cobalt
carbonate powder, was concentrated and dried at 50 C in
vacuo. The ﬁnal product 1b was obtained by drying as air-sta-
ble powder in high yields (65.2–90.3%) in vacuo after mixing
cobalt triﬂuoromethanesulfonate hexahydrate (0.43 g, 0.93
mmol) and Phen (0.5 g, 2.8 mmol) in methanol (20 mL). The
compound 2c was also prepared as a contrast.
2.2.1. Benzimidazole cobalt(II) triﬂuoromethanesulfonate (1a)
Purple powder, 90.3% yield. IR (KBr, cm1): 1623(m),
1609(w), 1600(w), 1507(m), 1455(m), 1175(s), 1116(m),Scheme 1 Syntheses of cationic cobalt compounds.1030(s), 1008(m), 980(m), 910(w), 755(m), 740(s), 642(s),
621(w), 573(m), 515(s).
2.2.2. 1,10-phenanthroline cobalt(II) triﬂuoromethanesulfonate
(1b)
Yellow powder, 86.9% yield. IR (KBr, cm1): 1627(m),
1606(w), 1582(m), 1519(s), 1497(w), 1427(s), 1344(w),
1275(s), 1223(m), 1155(s), 1103(m), 1030(s), 868(m), 847(s),
776(w), 727(s), 636(s), 572(m), 517(m).
2.2.3. Bipyridine cobalt(II) triﬂuoromethanesulfonate (1c)
Yellow powder, 84.6% yield. IR (KBr, cm1): 1604(m),
1597(m), 1575(w), 1568(w), 1492(w), 1473(s), 1444(s),
1315(w), 1226(s), 1103(w), 1064(w), 1029(s), 766(s), 737(s),
652(w), 637(s), 574(m), 515(s).
2.2.4. Terpyridine cobalt(II) triﬂuoromethanesulfonate (1d)
Dark brown powder, 65.2% yield. IR (KBr, cm1): 1601(m),
1575(w), 1561(w), 1450(w), 1474(m), 1454(m), 1264(s),
1226(m), 1154(s), 1141(s), 1095(w), 1031(s), 1016(w), 787(s),
765(s), 752(w), 738(w), 650(w), 635(s), 573(m), 518(m).
2.2.5. 1,10-phenanthroline cobalt(II) methanesulfonate (2b)
Yellow powder, 86.9% yield. IR (KBr, cm1): 1625(w),
1607(w), 1585(m), 1520(s), 1429(s), 1494(w), 1463(w),
1191(s), 1102(w), 1057(s), 849(s), 785(s), 772(s), 749(m),
726(s), 716(s), 538(m), 525(m).
2.2.6. 1,10-phenanthroline cobalt(II) chloride (2c)
Yellow powder, 77.9% yield. IR (KBr, cm1): 1624(w),
1584(w), 1516(s), 1425(s), 1342(w), 1305(w), 1143(m),
1103(m), 850(m), 725(s), 641(w), 422(w).
2.3. Procedure for butadiene polymerization
All manipulations were carried out under a dry nitrogen atmo-
sphere. A typical procedure for the polymerization is as fol-
lows: compound 1b was added to an ampoule capped with a
septum. Then, a toluene solution of butadiene (20 mL, 0.1 g/
mL) was injected into the ampoule. Catalyst components,
EASC (0.37 mL, 0.5 mol/L), was consecutively introduced to
the ampoule at designed ratios to initiate polymerization.
The polymerization was maintained at 20 C for 2.5 h and
was quenched by adding ethanol containing 2,6-di-tert-butyl-
4-methylphenol (1.0%) as a stabilizer. Polybutadiene was ob-
tained after being dried in vacuum dry at 50 C to constant
weight (1.618 g, 80.9%).
3. Results and discussion
3.1. Preparation and characterization of compounds
Cationic Co-based compounds were prepared by reaction of
cobalt triﬂuoromethanesulfonate (Co(TfO)2) with N-bearing
donors in methanol. The resultant compounds were isolated
as air-stable powders in good yields and characterized by infra-
red spectra. The IR spectra of free ligands showed that the
C‚N stretching frequencies appeared at 1561–1618 cm1. In
compounds, the C‚N stretching vibrations were shifted to-
ward lower frequencies and greatly reduced in intensity, which
Synthesis and butadiene polymerization behaviors of cationic cobalt-based catalyst S189indicated the coordination interaction between the nitrogen
atoms and the metal ion. Infrared spectra peaks of obtained
cobalt compounds were assigned to be in good agreement with
the literature values [19,13]. The molecular structures of
compounds, 1b, 1d and 2c, were further conﬁrmed by X-ray
diffraction analysis. The crystallographic data together with
the collection and reﬁnement parameters are summarized in
Table 1 and their crystal structures are listed in Figs. 1–3.
The discrete cationic cobalt-based compounds (1b and 1d)
composed of one cation and two anions. The cation coordi-
nated by six nitrogen atoms of N-bearing ligand could be
described as a distorted octahedron and was balanced by
two triﬂuoromethanesulfonic counter anions. As expected,
the Co–Cl bond distances (compounds 2c, Co–
Cl(1) = 2.3915 A˚, Co–Cl(1) = 2.4213 A˚) were shorter than
those of Co. . .S (1b, Co. . .S(1) = 9.245 A˚, S(1A) = 9.245 A˚).
Similarly, the coordination geometry of compound 1d adopted
slightly distorted tetrahedron similar to compound 1b. It was
notable that different donors also have certain inﬂuence on
the distance of Co. . .S. The distances of Co. . .S (1d,
Co. . .S(1) = 6.717 A˚, Co. . .S(2) = 7.893 A˚) were shorter than
those of Co. . .S (1b, Co. . .S(1) = 9.245 A˚, S(1A) = 9.245 A˚),
presumably due to the stronger coordination between cobalt
center and nitrogen atoms of Phen. The results indicated that
metal center of these new breed of cobalt compounds was
cationic in nature differentiating from that of cobalt chloride.
3.2. Butadiene polymerization behaviors of compounds activated
by alkylaluminium chlorides
The title compounds were employed in butadiene polymeriza-
tion for examining the effects of different N-ligands and anio-
nic ligands on catalytic activity and properties of resultant
polymers. For comparison, the polymerization using
[Co(Phen)2]Cl2 was also conducted. As shown in Table 2, theTable 1 Summary of crystallographic data for compounds.
1b
Formula C38H24CoF6N6O6S2
Molecular weight 897.68
Wavelength (A˚) 0.71073
Crystal system Monoclinic
Space group C2/c
a (A˚) 24.8266
B (A˚) 10.7307
C (A˚) 19.0426
a (deg) 90
b (deg) 130.1012
c (deg) 90
V (A˚3) 3880.4
Z 4
Dcalcd (mg/m
3) 1.537
Absorp. coeﬀ. (mm1) 0.634
F(000) 1820.0
Crystal size (mm) 0.22 · 0.16 · 0.10
h Range (deg) 26.060
No. of reﬂns collected 11919
No. of indep. reﬂns 3830
No. of data/restraints/params 3830/0/267
GOF on F2 1.033
R1(1> 2r(1)) 0.0471
wR2 0.1235synthesized cationic cobalt-based catalysts showed high activ-
ities for butadiene polymerization in the presence of EASC.
Compounds 1b and 2b (Entries 2 and 5), containing the
anionic group, exhibited relatively lower catalytic activities
than 2c (Entry 6, traditional cobalt-based catalyst). The lower
activity could perhaps be attributed to the steric hindrance be-
cause bulky Phen (two Phen ligands on 2c and three Phen li-
gands on 1b and 2b) was around the cobalt active center.
However, the cis-1,4 content of the resultant polybutadiene ob-
tained by 1b and 2b were more higher than that of polybutadi-
ene provided by 2c. In addition, the ligands had great inﬂuence
on the catalytic performance. In all the experimental cases, the
cis-selectivity of the compounds with different ligands (Entries
1–4) was in the following order: Phen = BZI > Bipy > Ter-
py. As a consequence, compound 2b (Phen as ligand) was
chosen as catalysts for further investigation. The effect of an-
ions on the catalyst activity and cis-selectivity of the com-
pounds was also investigated. It was found that the catalyst
activity drastically increased with the increasing of electro-
attractive ability of the anion. The butadiene polymerization
behaviors with variation of donors and [Al]/[Co] molar ratio
and different counter anions were investigated. The polymer
yield increased with the elevating of [Al]/[Co] molar ratio,
while the cis-content decreased (Entries 2,7–10). It was noted
that the resultant polybutadiene with high cis-1,4 conﬁgura-
tion (97.0%) was obtained at a low molar ratio of [Al]/[Co]
([Al]/[Co] = 10, Entry 7).
The effects of polymerization temperature and time on the
microstructure of polymer were also examined. As illustrated
in Table 3, along with the increase of polymerization temper-
ature, a drastic increase of polymer yield and decrease of cis-
14-content were observed. With increasing the polymerization
temperature from 0 to 60 C (Entries 11–14), the Mw of the
polymer signiﬁcantly decreased from 8.37 · 105 to 1.06 · 105
g/mol. The catalytic activities were slightly improved by1d 2c
C33H26CoF6N6O7S2 C27H23Cl2CoN4
855.65 533.32
0.71073 0.71073
Monoclinic Triclinic
P2(1)/c P-1
9.4792 10.7724
19.9423 10.8378
18.5590 10.9523
90.00 85.6420
94.5190 84.4350
90.00 78.6430
3497.4 1245.60
4 2
1.625 1.422
0.700 0.926
1740 548.0
0.25 · 0.17 · 0.10 0.28 · 0.2 · 0.12
26.040 1.87–26.04
22124 6826
6884 4806
6884/0/497 4806/0/308
1.061 1.054
0.0575 0.0460
0.1536 0.1217
Figure 1 X-ray structure of 1b. Hydrogen atoms were omitted for
clarity. Displacement ellipsoids are drawn at the 50% probability
level. Selected bond length (A˚) and angles (): Co(1)–
N(2) = 2.141(2), Co(1)–N(2) = 2.141(2), Co(1)–N(3) = 2.146(2),
Co(1)–N(3) = 2.146(2), Co(1)–N(1) = 2.158(2), Co(1)–N(1) =
2.158(2).N(2)–Co(1)–N(2) = 98.42(11),N(2)–Co(1)–N(3) =164.65
(8), N(2)–Co(1)–N(3) = 93.15(8), N(2)–Co(1)–N(3) = 93.15(8),
N(2)–Co(1)–N(3) = 164.65(8), N(3)–Co(1)–N(3) = 77.47(11), N(2)
–Co(1)–N(1) = 93.85(8), N(2)–Co(1)–N(1) = 77.67(8), N(3)–Co
(1)–N(1) = 98.47(8), N(3)–Co(1)–N(1) = 91.58(8), N(2)–Co(1)–
N(1) = 77.67(8), N(2)–Co(1)–N(1) = 93.85(8), N(3)–Co(1)–N(1)
= 91.58(8), N(3)–Co(1)–N(1) = 98.47(8), N(1)–Co(1)–N(1) =
167.13(11).
Figure 2 X-ray structure of 1d. Hydrogen atoms were omitted
for clarity. Displacement ellipsoids are drawn at the 50%
probability level. Selected bond length (A˚) and angles (): Co(1)–
N(5) = 1.891(3), Co(1)–N(2) = 1.912(3), Co(1)–N(6) = 2.050(3),
Co(1)–N(4) = 2.053(3), Co(1)–N(3) = 2.102(3), Co(1)–N(1) =
2.114(3), N(5)–Co(1)–N(2) = 177.54(11), N(5)–Co(1)–N(6) =
80.57(11), N(2)–Co(1)–N(6) = 97.45(11), N(5)–Co(1)–N(4) =
79.94(11), N(2)–Co(1)–N(4) = 102.09(11), N(6)–Co(1)–N(4)
= 160.41(11), N(5)–Co(1)–N(3) = 99.17(11), N(2)–Co(1)–N(3)
= 79.56(11), N(6)–Co(1)–N(3) = 96.56(11), N(4)–Co(1)–N(3) =
88.50(11), N(5)–Co(1)–N(1) = 102.05(11), N(2)–Co(1)–N(1) =
79.30(11), N(6)–Co(1)–N(1) = 88.71(11), N(4)–Co(1)–N(1) =
93.41(11), N(3)–Co(1)–N(1) = 158.70(11).
Figure 3 X-ray structure of 2c. Displacement ellipsoids are
drawn at the 50% probability level. Selected bond length (A˚) and
angles (): Co(1)–N(2) = 2.142(3), Co(1)–N(1) = 2.159(2), Co(1)–
N(4) = 2.161(2), Co(1)–N(3) = 2.194(2), Co(1)–Cl(1) =
2.3915(7), Co(1)–Cl(2) = 2.4213(7), N(2)–Co(1)–N(1) = 77.55
(10), N(2)–Co(1)–N(4) = 164.99(8), N(1)–Co(1)–N(4) = 92.35
(10), N(2)–Co(1)–N(3) = 91.25(8), N(1)–Co(1)–N(3) = 84.83(8),
N(4)–Co(1)–N(3) = 76.64(8), N(2)–Co(1)–Cl(1) = 94.43(6), N
(1)–Co(1)–Cl(1) = 169.93(8), N(4)–Co(1)–Cl(1) = 94.26(6), N(3)–
Co(1)–Cl(1) = 89.32(5), N(2)–Co(1)–Cl(2) = 96.43(6), N(1)–Co
(1)–Cl(2) = 88.92(7), N(4)–Co(1)–Cl(2) = 94.42(6), N(3)–Co(1)–
Cl(2) = 168.83(6), Cl(1)–Co(1)–Cl(2) = 98.12(3).
S190 L. Liu et al.prolonging the polymerization time. However, the Mw and
polydispersity of the resultant polybutadiene were less affected
by the reaction time (Entries 15–18).
3.3. Mechanism for butadiene polymerization
Cationic cobalt-based catalysts tend to produce polybutadiene
with cis-1,4 structure. The compound 1a was taken as an exam-
ple to explain catalytic mechanism of the cationic cobalt com-
pounds and Phen was omitted for clarity. Porri [15] had
demonstrated that active species of alkylated cobalt compounds
was monovalent in hydrocarbon solvent. The polymerization
mechanism of the traditional cobalt catalyst and the resultant
cationic cobalt catalyst are given in Scheme 2. The polymeriza-
tion occurred via two steps after the catalyst activated by cocat-
alyst. In the ﬁrst step, the coordination of butadiene monomer
to the active center occurred, followed bymigratory insertion of
the coordinated monomer into the cobalt-carbon bond. In
migratory insertion step (second step), a vacant coordination
site was regenerated, which enabled further chain propagation.
Compared with traditional cobalt catalyst, the active center of
the cationic cobalt catalyst had a very strong negative electron
afﬁnity. Then, the coordination and insertion rate of butadiene
monomer increased. Additionally, we purposed that the cat-
ionic cobalt center (electron deﬁciency) would lead to an attrac-
Table 2 Effects of ligands and [Al]/[Co] ratio on butadiene polymerization with Co(CF3SO3)2/EASC.
Entrya Catalyst [Al]/[Co] Yield (%) Microstructureb Mw
c (·104) Mw/Mnc
cis-1,4 (%) trans-1,4 (%) 1,2 (%)
1 [Co(BZI)4][TfO]2 50 100 95.7 2.7 1.6 38.7 4.0
2 [Co(Phen)3][TfO]2 50 75.5 95.7 2.3 2.0 66.5 2.7
3 [Co(Bipy)4][TfO]2 50 100 93.8 3.7 2.5 25.0 4.1
4 [Co(Terpy)2][TfO]2 50 100 92.4 4.6 2.9 28.6 6.0
5 [Co(Phen)3][MSA]2 50 25.0 93.7 4.5 1.8 38.1 1.8
6 Co(Phen)2Cl2 50 93.5 82.1 13.4 4.5 20.3 6.8
7 [Co(Phen)3][TfO]2 10 25.3 97.0 1.1 1.9 69.3 2.3
8 [Co(Phen)3][TfO]2 30 55.7 95.9 1.8 2.3 65.8 2.6
9 [Co(Phen)3][TfO]2 70 96.6 95.0 1.8 3.1 69.7 2.8
10 [Co(Phen)3][TfO]2 100 99.9 94.4 1.4 4.2 58.2 2.8
a Polymerization conditions: [Bd] = 0.1 g/mL, [Bd]/[Co] = 2000, [Al]/[Co] = 50, toluene, 20 C, 2 h.
b Determined by FTIR.
c Determined by GPC.
Table 3 Effects of Polymerization Temperature and Time on Butadiene Polymerization.
Entrya T (C) t (h) Yield (%) Microstructureb Mwc (·104) Mw/Mnc
cis-1,4 (%) trans-1,4 (%) 1,2 (%)
11 0 2 4.5 95.8 1.3 2.9 83.7 2.2
12 20 2 75.5 95.7 2.3 2.0 66.5 2.7
13 40 2 92.0 92.5 3.2 4.3 24.0 3.0
14 60 2 99.9 85.6 5.6 8.8 10.6 4.3
15 20 2.5 80.9 97.3 1.2 1.5 68.0 2.7
16 20 3.0 89.7 96.0 2.2 1.8 68.1 3.0
17 20 3.5 92.5 96.5 1.6 1.9 68.9 3.2
18 20 4.0 100 97.5 1.2 1.2 63.7 3.3
a Polymerization conditions: [Bd] = 0.1 g/mL, [Bd]/[Co] = 2000, [Al]/[Co] = 50, toluene.
b Determined by FTIR.
c Determined by GPC.
Scheme 2 The proposed polymerization mechanism for butadiene polymerization with (a) traditional cobalt-based catalyst and (b)
novel cationic cobalt-based catalyst. All ligands were omitted for clarity.
Synthesis and butadiene polymerization behaviors of cationic cobalt-based catalyst S191tive force to the C‚C double bond of the penultimate mono-
mer unit. Therefore, the polybutadiene provided by cationic co-
balt-based catalyst had a higher cis-1,4 content compared with
the polybutadiene prepared by the traditional one.4. Conclusions
A series of compounds supported by anionic ligands have been
employed in cobalt-based catalyst systems for polymerization
S192 L. Liu et al.of 1,3-butadiene. The traditional cobalt-based catalysts tuned
the microstructure of polybutadiene by adjusting the steric
and electronic properties of substituted groups on ligands,
whereas the cationic catalysts have signiﬁcant inﬂuence on
the catalytic performance by changing anionic ligands. Cobalt
triﬂuoromethanesulfonate compound served as an excellent
stereo-selective and active catalyst, converting 1,3-butadiene
to polybutadiene with high cis-1,4 structure.
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